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Abstract
In the mouse model of unilateral laser-induced ocular hypertension (OHT) the microglia in both the treated and the
normotensive untreated contralateral eye have morphological signs of activation and up-regulation of MHC-II
expression in comparison with naïve. In the brain, rod-like microglia align to less-injured neurons in an effort to limit
damage. We investigate whether: i) microglial activation is secondary to laser injury or to a higher IOP and; ii) the
presence of rod-like microglia is related to OHT. Three groups of mice were used: age-matched control (naïve,
n=15); and two lasered: limbal (OHT, n=15); and non-draining portion of the sclera (scleral, n=3). In the lasered
animals, treated eyes as well as contralateral eyes were analysed. Retinal whole-mounts were immunostained with
antibodies against, Iba-1, NF-200, MHC-II, CD86, CD68 and Ym1. In the scleral group (normal ocular pressure) no
microglial signs of activation were found. Similarly to naïve eyes, OHT-eyes and their contralateral eyes had ramified
microglia in the nerve-fibre layer related to the blood vessel. However, only eyes with OHT had rod-like microglia that
aligned end-to-end, coupling to form trains of multiple cells running parallel to axons in the retinal surface. Rod-like
microglia were CD68+ and were related to retinal ganglion cells (RGCs) showing signs of degeneration
(NF-200+RGCs). Although MHC-II expression was up-regulated in the microglia of the NFL both in OHT-eyes and
their contralateral eyes, no expression of CD86 and Ym1 was detected in ramified or in rod-like microglia. After 15
days of unilateral lasering of the limbal and the non-draining portion of the sclera, activated microglia was restricted
to OHT-eyes and their contralateral eyes. However, rod-like microglia were restricted to eyes with OHT and
degenerated NF-200+RGCs and were absent from their contralateral eyes. Thus, rod-like microglia seem be related
to the neurodegeneration associated with HTO.
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Introduction
Glaucoma is a neurodegenerative disease characterized by
axonal degeneration that ends with the death of retinal
ganglion cells (RGC) [1-4]. Ocular hypertension (OHT) is the
major risk factor for glaucoma, [5-7]. Currently, glaucoma is
considered an age-related neurodegeneration and, despite
differing in aetiologies, they have many important elements in
common, including compartmentalized programs of
degeneration targeting axons, dendrites, and finally cell bodies
[8].
A close spatial relationship has been established between
microglia and multiple retinal ganglion cell (RGC)
compartments prior to onset of neurodegeneration [9]..
Microglia cells are considered the immunocompetent cells of
the CNS. Microglia typically respond to cell damage and
degeneration with migration, proliferation, morphological, and
immuno-phenotypic changes, as well as production of
inflammatory cytokines [10-13]. Indeed, they serve as a
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neuropathology sensor [14-17] in the brain and are
neuroprotective. However, an uncontrolled microglia response
may be dangerous to the survival of injured neurons or can
even damage healthy neurons afflicted by excessive
inflammation [18]. It has also been suggested that cytokines or
other factors regulate morphological, as well as functional
changes to all three forms of microglia: activated amoeboid,
ramified resting microglia, and proliferating rod-like shaped
[19]. Rod-like microglial cells are defined by elongated cell
bodies with processes that prominently project from the basal
and apical ends. It has been hypothesised that these cells
participate in neuronal circuit reorganization [20,21]. It is
therefore plausible to suggest that rod-like microglia align to
either less-injured neurons or axotomized axons in an effort to
limit damage. Alternatively, trains of rod-like microglia could
just as easily protect uninjured axons [22]. These activated
microglia can degrade the extracellular matrix, promote the
retraction of dystrophic axons and destabilize synapses [21,23]
in a phenomenon called “synaptic stripping” [24,25]. In
glaucomatous disease, RGC synapse elimination is involved
early in disease progression [26,27]. In addition, in glaucoma,
microglia proliferation occurs together with the upregulation of
various inflammatory molecules including TNF-alpha and TGF-
beta1 [28].
It is widely accepted that activated microglia exert dual
functions, which are pro-inflammatory and anti-inflammatory
functions. The status of these cells is probably on a continuum
between these two extreme states [29]. Unilateral injury to one
eye may lead to a microglial response in the eye contralateral
to the lesion [30,31]. Previously, our group has studied the
qualitative and quantitative changes as well as up-regulation of
MHC-II expression on the retinal macroglia and microglia in the
contralateral eye of adult Swiss mice after 15 days of unilateral
laser-induced OHT [32]. Such changes appeared to take place
without a decrease in RGC number [33] or presence of
NF-200+RGCs (sign of RGC degeneration) [32].
The aim of the present work was to analyse in a model of
unilateral laser-induce OHT if: i) microglial activation is
secondary to the laser injury or to the rise in IOP; ii) activated
microglial cells serve different functions, helping to damage or
preserve the RGC in OHT-eyes and contralateral eyes,
respectively; and iii) rod-like microglial cells were restricted to
eyes with OHT and degenerated NF-200+RGCs and/but
absent from their contralateral eyes.
Materials and Methods
Ethics Statement
Mice were treated in accordance with the Spanish Laws and
the Guidelines for Humane Endpoints for Animals Used in
Biomedical Research. This study was approved by the Ethics
Committee for Animal Research of the Murcia University and
the Animal Health Service of the Murcia Regional Ministry of
Agriculture and Water; approval ID numbers: A1310110807.
Also, animal manipulations followed institutional guidelines,
European Union regulations for the use of animals in research,
and the ARVO (Association for Research in Vision and
Ophthalmology) statement for the use of animals in ophthalmic
and vision research.
Animals and anaesthetics
The experiments were performed on adult male albino Swiss
mice (40-45 g) obtained from the breeding colony of the
University of Murcia (Murcia, Spain). The animals were housed
in temperature- and light-controlled rooms with a 12-h light/dark
cycle and ad libitum access to food and water. Light intensity
within the cages ranged from 9 to 24 lux. Animal manipulation
followed institutional guidelines, European Union regulations
for the use of animals in research, and the ARVO (Association
for Research in Vision and Ophthalmology) statement for the
use of animals in ophthalmic and vision research, and was
approved by the ethical committee of Murcia University. All
surgical procedures were performed under general
anaesthesia induced with an intraperitoneal (i.p.) injection of a
mixture of Ketamine (75 mg/kg, Ketolar®, Parke-Davies, S.L.,
Barcelona, Spain) and Xylazine (10 mg/kg, Rompún®, Bayer,
S.A., Barcelona, Spain). During recovery from anaesthesia,
mice were placed in their cages, and an ointment containing
tobramycin (Tobrex®; Alcon S.A., Barcelona, Spain) was
applied on the cornea to prevent corneal desiccation and
infection. Additional measures were taken to minimize
discomfort and pain after surgery. The animals were killed with
an i.p. overdose of pentobarbital (Dolethal Vetoquinol®,
Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain).
Experimental groups
Three groups of mice were considered for study: an age-
matched control (naïve, n=15) and two lasered groups,
depending on the region of the eye treated: limbal (OHT group,
n=15) and non-draining portion of the sclera, (scleral,n=3); the
two latter were processed 2 weeks after lasering.
Laser treatment and IOP measurements
To induce OHT, the left eyes of anaesthetized mice were
treated in a single session with a series of diode laser burns
(Viridis Ophthalmic following previously described methods that
are standard in our laboratories [33,34]. Photocoagulator-532
nm, Quantel Medical, Clermont-Ferrand, France). In brief, the
laser beam was directly delivered without any lenses, aimed at
the limbal and episcleral veins.
In addition, to ascertain whether the changes observed in
microglia were due to the IOP rise or to the inflammatory
effects of laser treatment, we studied a scleral group. In this
group the laser beam was directly delivered without any lenses,
aimed at the non-draining portion of the sclera, specifically 1.2
mm posterior to the limbus of the left eyes to avoid the
aqueous-collecting system. In both the limbal- and scleral-
treated animal, the spot size, duration, and power were 50-100
µm, 0.5 s, and 0.3 W, respectively. Each eye received between
55-76 burns.
The IOP of the mice was measured under deep anaesthesia
in both eyes with a rebound tonometer (Tono-Lab, Tiolat, OY,
Helsinki, Finland) [35,36] prior to as well as 24-48 h and 1
week after laser treatment for the lasered group and before
being killed for the naïve. At each time point, 36 consecutive
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readings were made for each eye and averaged. To avoid
fluctuations of the IOP due to the circadian rhythm in albino
Swiss mice [37] due to the elevation of the IOP itself [38], we
tested the IOP consistently around the same time,
preferentially in the morning and directly after deep
anaesthesia in all animals (lasered group and naïve).
Moreover, because general anaesthesia lowers the IOP in the
mouse, we measured the IOP of the treated eye (OHT-eye) as
well as the contralateral intact fellow eye in all the experiments.
Immunohistochemistry
The mice were deeply anaesthetized, perfused transcardially
through the ascending aorta first with saline and then with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4).
The orientation of each eye was carefully maintained with a
suture placed on the superior pole immediately after deep
anaesthesia and before perfusion fixation. Moreover, upon
dissection of the eye, the insertion of the rectus muscle and the
nasal caruncle were used as additional landmarks [39]. The
eyes were post-fixed for 2h in the same fixative and kept in
sterile 0.1 M PB. Retinas were then dissected and processed
as retinal whole-mounts [40].
For the analysis of the microglia population of the NFL and
for the determination of the relationship between astrocytes
and microglia and the expression of MHC class II, retinal
whole-mounts from naïve (n=3), OHT-eyes (n=3) and their
contralateral eyes (n=3), scleral group (n=3) and their
contralateral eyes (n=3), were triple immunostained, as
described elsewhere [32], with the following primary antibodies:
rabbit anti Iba-1 (Wako, Osaka, Japan) in a 1/500 dilution,
chicken anti-GFAP (Millipore, USA) in a 1/100 dilution and anti-
mouse MHC class II (I-A/I-E) (eBioscience; San Diego, CA;
USA) in a 1/100 dilution. Binding sites of the primary antibodies
were visualized with the corresponding secondary antibodies:
donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Paisley, UK)
diluted 1/800, DyLight 405-conjugated donkey anti-chicken
(Jackson Immuno Research, USA) diluted 1/150 and goat anti-
mouse Alexa Fluor 488 (Invitrogen, Paisley, UK) diluted 1/150.
Retinas of naïve (n=3), OHT-eye (n=3) and their contralateral
eyes (n=3) were double immunostained with anti-Iba1 plus anti-
CD68 (which recognizes a single-chain heavily glycosylated
protein of 90-110 kD that is expressed on the lysosomal
membrane of macrophages) in order to study the expression of
this marker on retinal microglia. The working dilutions were
1/500 for rabbit anti Iba-1 (Wako, Osaka, Japan) and 1/40 for
CD68 rat anti-mouse (AbD Serotec, Oxford, UK). Binding sites
of the primary antibodies were visualized after two days of
incubation with the corresponding secondary antibodies:
donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Paisley, UK)
diluted 1/800 and goat anti-rat Alexa Fluor 488 (Invitrogen,
Paisley, UK) diluted 1/150.
Retinas of naïve (n=3), OHT-eye (n=3) and their contralateral
eyes (n=3) were double immunostained with anti-Iba1 plus,
anti-CD86 (that recognize a co-stimulatory molecule). The
working dilutions were 1/500 for rabbit anti-Iba-1 (Wako,
Osaka, Japan) and 1/25 for rat anti-mouse CD86 (BD
Pharmigen Europe). Binding sites of the primary antibodies
were visualized after two days of incubation with the
corresponding secondary antibodies: Donkey anti-rabbit Alexa
Fluor 594 (Invitrogen, Paisley, UK) diluted 1/800 and Donkey
anti-rat Alexa Fluor 488 (Invitrogen, Paisley, UK) diluted 1/300.
For the study of the expression of Ym1 (which recognizes a
protein from the lectin family synthesised and secreted by
alternatively activated macrophages during inflammation) on
retinal microglia, retinas of naïve (n=3), and OHT-eye, (n=3),
and their contralateral eyes (n=3) were double immunostained
with anti-MHC class II plus anti-Ym1. The working dilutions
were: anti-mouse MHC class II (I-A/I-E) (eBioscience, San
Diego, CA, USA) in a 1/100 dilution and rabbit anti-Ym1
(StemCell Technologies, France) in a 1/75 dilution. Binding
sites of the primary antibodies were visualized after two days of
incubation with the corresponding secondary antibodies: goat
anti-mouse Alexa Fluor 488 (Invitrogen, Paisley, UK) diluted
1/150 and donkey anti-rabbit Alexa Fluor 594 (Invitrogen,
Paisley, UK) diluted 1/800.To study the relationship between
dendrites, axons, and microglia, we double immunostained the
retinal whole-mounts of naïve eyes (n=3), OHT-eye (n=3) and
their contralateral eyes (n=3), with the following primary
antibodies: rabbit anti Iba-1 (Wako, Osaka, Japan) in a 1/500
dilution and mouse anti-NF-200 (a marker of axonal
cytoskeleton, that accumulates abnormally in the soma and
dendrites of the RGCs after axonal injury) (Sigma St Louis,
MO, USA) in a 1/500 dilution. Binding sites of the primary
antibodies were visualized after two days of incubation with the
corresponding secondary antibodies: donkey anti-rabbit Alexa
Fluor 594 (Invitrogen, Paisley, UK) diluted 1/800 and goat anti-
mouse Alexa Fluor 405 (Invitrogen, Paisley, UK) diluted 1/100.
In all instances, a negative control was performed to
demonstrate that the secondary antibody reacted only with
their respective primary antibody. This control was made by
eliminating primary antibody and replacing it with antibody
diluent. In addition to identifying the contribution of the
endogenous fluorescence to the observed label, a tissue
sample was incubated in all the buffers and detergents used in
the experiment but without antibodies [40].
Retinas were analysed and photographed with the ApoTome
device (Carl Zeiss, Germany) coupled to a fluorescence
microscope (Zeiss, Axioplan 2 Imaging Microscope) equipped
with appropriate filters for fluorescence-emission spectra of
Alexa fluor 488 (Filter set 10, Zeiss), Alexa fluor 594 (Filter set
64, Zeiss) and DyLight 405 (Filter set 49, Zeiss). The ApoTome
uses the “structured-illumination” method that enables
conventional microscopy to create optical sections through the
specimen and thereby improve the contrast and resolution
along the optical axis.
Statistical Analysis
Data for the statistical analysis were introduced and
processed in a SPSS 19.0 (comprehensive statistical software;
SPSS Inc©). Data are shown as mean±SD. Statistical analyses
were performed to compare IOP values of the OHT-eyes, the
contralateral and naïve eyes.
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Results
1: OHT group
Laser-induced ocular hypertension.  The IOP values of
OHT-eyes (29.55±4.44 mmHg) significantly differed from naïve
values (16.16±3.11 mmHg; P<0.001, ANOVA with Bonferroni)
and contralateral eyes (15.47±1.57 mmHg; P<0.001, ANOVA
with Bonferroni). No significant differences were found between
contralateral and naïve eyes.
Iba-1 immunostaining.  In the naïve and contralateral eyes,
Iba-1+ cells were distributed in a mosaic of tiled cells that built
networks throughout the entire retina (Figure 1). Most microglia
in the NFL exhibited a ramified morphology. They were
associated with the retinal vessels and their somas were
located on or near the vessel walls (Figure 2). In addition, both
in the large retinal vessels (in the vicinity of the optic nerve)
and in the collecting tube (in the peripheral retina) of naïve and
contralateral eyes, some perivascular Iba-1 positive cells
displayed bipolar morphology (Figure 3A,B). Notably, in
addition to these two morphological cell types, in the NFL of
OHT- eyes, there were Iba-1+cells with a rod-like morphology
(elongated cell bodies and two processes prominently
projected from each pole) (Figure 2C). These cells did not
relate to retinal vessels and aligned end-to-end, coupling to
form trains. We use the term “coupling” to indicate a physical
proximity between the processes of adjacent rod-like microglia
(Figure 1C; Figure 2C1,C3, F1,F3). These trains consisted of
multiple cells running parallel to the retinal surface from the
optic disc to the periphery. The trains were more evident in the
central area than in the intermediate one (Figure 1C; Figure
2C1,C3), and mostly absent in the retinal periphery (Figure
2F1,F3).
In the trains, rod-like microglia in the NFL of eyes with OHT
related to each other in three different ways. First, process to
process: the process of one rod-like microglia seemingly
intertwined with the process of the next rod-like microglia in the
train (Figure 4A). Second, process to cell body: the process of
one rod-like microglia seemed to surround the cell body of the
next rod-like microglia in the train (Figure 4B). Third, cell body
to cell body: the two cell bodies were in apparently close
contact (Figure 4C)
Some processes of rod-microglia penetrate the underlying
ganglion-cell layer and inner plexiform layer, as observed both
using the z-stack tool associated with Zeiss, Axioplan 2
Imaging Microscope as well as on one edge of the tissue due
to the retinal-like section effect caused by the pressure exerted
by the cover slip on the whole-mount (Figure 5).
Staining of rod-like microglia with markers for activated
microglia: MHC-II, CD68, CD86, CD163 and Ym1.  A weak
constitutive MHC-II expression was found in some microglial
cells in the NFL in naïve eyes (Figure 3A2). By contrast, in
contralateral eyes 15 days after laser-induced OHT, Iba-1+
microglia exhibited intense MHC-II immunoreaction (Figure
3B2). In some instances, in the contralateral eyes, some Iba-1+
dystrophic microglia had intense CD68 immunostaining. No
CD86 (Figure 6B2) or Ym1 immunostaining (Figure 6D2) was
observed in microglial cells in contralateral eyes.
Fifteen days after lasering, rod-like microglia were detected
in OHT-eyes. These rod-like microglia had an intense MHC-II+
immunoreaction (Figure 3C2; Figure 4A2,B2,C2) and a
punctate CD68 staining throughout the NFL (Figure 7). This
staining was evident in rod-like microglia throughout the train,
both in the cytoplasm and in the processes. In addition, three
stages of rod-like microglia were observed to coexist in OHT
eyes. These stages could represent different activation phases
considering morphological features as well as CD68
immunostaining patterns: i) an initial stage in which rod-like
microglia had elongated cell bodies and processes prominently
projected from the poles. These cells had an intense CD68
punctate staining (Figure 7A1-A3); ii) a second stage of cells
with shorter and thicker processes and coarse patches of
CD68 immunoreaction (Figure 7B1-B3); and iii) a third stage
with thick fusiform cell bodies, short and thick bipolar
processes and intense CD68 positive cytoplasm (Figure 7C1-
C3). In all instances, CD68 immunoreaction was detected both
in the cytoplasm and processes.
In the NFL of OHT-eyes no CD86 (Figure 6A1-A3) or Ym1
(Figure 6C1-C3) expression was detected in ramified or rod-
like microglia. Positive immunostaining for these markers was
found only in scarce globular cells located in the NFL and
vitreal surface of the retina (Figure 6A2,C2 inset).
Rod-like microglia, astrocytes, and axons.  We performed
a double-labelling with Iba-1 and GFAP to study micro- and
macroglial cells, respectively. GFAP immunostaining revealed
that after 15 days of laser-induced OHT [32] macroglia showed
reactivity features and that rod-like microglia and astrocytes
were apparently not related to each other (Figure 2).
A double-immunostaining with Iba-1 and NF-200 was
performed to study the relationships between rod-like microglia
and RCG after axonal injury. In naïve and contralateral eyes
RGC axons were uniformly labelled with anti-NF-200 (Figure
8A-B). NF-200+RGC staining was rarely observed in the
somas or dendrites of RGCs [32]. In these eyes the ramified
microglia were associated with blood vessels (Figure 2A,B,D,E)
and sent some processes to the axons (Figure 8A,B).
OHT eyes showed an abnormal NF-200 accumulation both
in RGC axons as well as in the cell bodies and primary
dendrites of some RGCs [32] (Figures 5B2,B3; 9A2,B2,C2).
The rod-like microglia trains in OHT eyes were associated with
axons (Figure 8C) and not related to retinal vessels (Figure
2C,F). Rod-like microglias were observed parallel to and close
to axons, with minimal gaps between the two (Figure 8C;
Figure 9A2,B2,C2). Apparently some processes of rod-like
microglia were in close contact with NF-200+RGC bodies and
dendrites (Figure 5B1-B3; Figure 9). It bears mentioning that in
some instances rod-microglia deviated from being completely
parallel to the axon and, with its processes, surrounded the
soma and proximal dendrites of NF-200+RGCs (Figure
9A2,B2,C2). In the retinal-like section effect produced by the
pressure exerted by the cover slip on the whole-mount, we
observed that rod-microglia processes were related to the
dendrites of NF-200+RGCs in the IPL (Figure 5B1-B3).
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Figure 1.  Rod-like microglia were restricted to the NFL of OHT-eyes.  Iba-1+ cells in the NFL and RGC layer. Retinal whole-
mounts. In naïve (A) and contralateral (B) eyes, Iba-1+ cells were distributed in a mosaic of tiled cells that built networks throughout
the entire retina. In OHT-eyes (C), Iba-1+ cells aligned forming parallel trains (arrows) composed by multiple cells exhibiting rod-like
morphology. The trains were more evident in the central retina. (NFL: nerve-fibre layer; RGC: retinal ganglion-cell layer; OD: optic
disc; OHT: ocular hypertension).
doi: 10.1371/journal.pone.0083733.g001
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Figure 2.  Rod-like microglia did not relate to retinal blood vessels or astrocytes.  Iba-1+ and GFAP+ cells in the NFL and
RGC layer. Retinal whole-mounts. In naïve (A,D) and contralateral (B,E) eyes, most Iba-1+ cells had a ramified morphology (A1, B1,
D1, E1: arrowhead) and their somas were located on or near the vessel walls (A3, B3, D3, E3: asterisks). GFAP+ astrocytes were
located among ramified Iba-1+ cells and like these, were related to the vessels (A2-A3, B2-B3, D2-D3, E2-E3). In OHT-eyes (C,F),
astrocytes and Müller cells were reactive (C2-C3, F2-F3). No alignment or co-localization of GFAP+ astrocytes with rod-microglia
(C1, F1: arrows) was detected. Trains of rod-like microglia were more evident in the central (C1, C3) than in the peripheral retina
(F1, F3). (NFL: nerve-fibre layer; RGC: retinal ganglion-cell layer; OHT: ocular hypertension). .
doi: 10.1371/journal.pone.0083733.g002
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2: Scleral group
The IOP values of eyes that received laser in the sclera
(15.69±0.12 mmHg) did not present significant differences with
their contralateral (15.94±0.02 mmHg) eyes and naïve eyes
(16.16±3.11 mmHg). Similarly to naïve lasered as well as
contralateral eyes in the scleral group had ramified Iba-1+ cells
in the NFL distributed in a mosaic of tiled cells that built
networks throughout the entire retina (Figure 10) and exhibited
a weak constitutive MHC-II expression (Figure 11A3). No rod-
like microglia were detected in the NFL of this group of animals
(Figures 10, 11A1,B1).
MCH-II expression was upregulated in Müller cells and some
astrocytes No differences in terms of MHC-II expression by the
macroglia were found between treated and untreated fellow
eyes (Figure 11A2-4,B2-4).
Discussion
It has been reported that in the experimental model of OHT
used in this work, 15 days after laser treatment the microglia of
untreated as well as OHT-eyes had signs of activation [32].
However, two main issues remain unknown: i) whether
microglial activation is secondary to laser injury or higher IOP;
and ii) if microglial activation is IOP related, whether or not
these activated cells could be exerting different functions
contributing to damage or preservation of the RGC in the OHT-
eyes and contralateral normotensive eyes, respectively.
Therefore the present study was focused on evaluating the
contribution of laser injury and IOP to the microglial activation
observed in the NFL and on analysing the differential behaviour
of activated microglial cells in this retinal layer after 15 days of
lasering.
In the model of laser-induced OHT used in the present work,
a substantial increase in the IOP was evident 24 h after
lasering limbal and episcleral veins. This continued for 4 days
Figure 3.  MHC-II was upregulated in contralateral and OHT-eyes.  Iba-1+ and MHC-II+ cells in the NFL and RGC layer. Retinal
whole-mounts. In naïve (A1-A3), contralateral (B1-B3), and OHT (C1-C3) eyes, some Iba-1+ cells displayed bipolar morphology and
perivascular arrangement (arrowhead). These cells were observed mainly in the large retinal vessels (in the vicinity of the optic
nerve) and in the collecting tube (in the peripheral retina) and expressed MHC-II. This MHC-II expression, constitutive in naïve eyes
(A2-A3), was upregulated in contralateral (B2-B3) and OHT-eyes (C2-C3). (NFL: nerve-fibre layer; RGC: retinal ganglion-cell layer;
OHT: ocular hypertension; asterisk: blood vessel; arrow: rod-microglia).
doi: 10.1371/journal.pone.0083733.g003
Rod-Like Retinal Microglia in Glaucoma
PLOS ONE | www.plosone.org 7 December 2013 | Volume 8 | Issue 12 | e83733
and then gradually returned to the basal value after the fifth
day, so that by one week after lasering, the IOP values in the
treated animals were comparable for both eyes [33].
No morphological signs of activation were detected in the
retinal microglia of those animals receiving laser in the non-
draining portion of the sclera (the scleral group), in which the
IOP values did not differ from control.
Figure 4.  Rod-like microglia expressed MHC-II and related to each other in three different patterns.  Iba-1+ and MHC-II+
cells in the NFL and RGC layer. Retinal whole-mounts. Rod-like microglia expressed MHC-II (A2-A3, B2-B3, C2-C3). In the trains,
they related to each other in three ways. Process-process (A1-A3): processes of neighbouring rod-microglia in the trains seem to be
intertwined; process-soma (B1-B3): the process of one rod-like microglia seems to surround the cell body of the next rod-like
microglia in the train; soma-soma (C1-C3): two cells bodies are in apparent close contact. (NFL: nerve-fibre layer; RGC: retinal
ganglion-cell layer; OHT: ocular hypertension; asterisk: soma; arrow: processes).
doi: 10.1371/journal.pone.0083733.g004
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With respect MHC-II expression by the glial cells of the
retina, differences appeared 15 days after lasering, depending
on the location of laser application. Only eyes in the OHT group
(treated eyes as well as fellow untreated eyes) had an
upregulation of the MHC-II expression by the retinal microglia.
With respect the macroglia, MCH-II was upregulated in both
Figure 5.  The processes of rod-microglia penetrates the IPL.  Iba-1 and NF-200 immunostaining. Retinal whole-mounts. Using
the z stack tool associated with the microscope, we observed that some processes of rod-microglia penetrate the ganglion-cell layer
and inner plexiform layer (A). The pressure observed by the cover slip on the whole-mount caused retinal-like section effect on one
edge of the tissue that revealed that, in the IPL, rod-microglia were apparently in close relation with the dendrites of NF-200+RGCs
(B1,B3). (INL: inner plexiform layer; IPL: inner plexiform layer; GCL: ganglion-cell layer; NFL: nerve-fibre layer; RGC: retinal
ganglion-cell layer; asterisk: soma; arrow: rod-microglia processes).
doi: 10.1371/journal.pone.0083733.g005
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groups of animals receiving laser (OHT and scleral), although
there was a difference between them: in the scleral group,
where IOP values not differ significantly from naïve eyes, the
upregulation of MHC-II expression by the macroglia was similar
in treated eyes and untreated fellow eyes. On the contrary, in
the OHT group the upregulation of MCH-II expression was
Figure 6.  Rod-like microglia did not take either CD86 or Ym1 staining.  Iba-1, CD86, MHC-II and Ym1 immunostaining in the
NFL. Retinal whole-mounts. In OHT-eyes (A1-A3, C1-C3) CD86 immunostaining (A2, A3) and Ym1 immunostaining (C2-C3: inset)
was restricted to few globular cells (arrowhead) located in the NFL and in the vitreal surface of the retina. Rod-like microglia (arrow)
did not show either CD86 or Ym1 immunostaining. In contralateral eyes (B1-B3, D1-D3) no CD86+ or Ym1+ cells were detected.
(NFL: nerve-fibre layer).
doi: 10.1371/journal.pone.0083733.g006
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observed mainly in Müller cells in OHT-eyes and mainly in
astrocytes in their fellow normotensive eyes [32]. In view of
these results, although the laser injury in the anterior segment
of the eye induced some effects on the retinal macroglia, it
seems that in this model of laser-induced OHT microglial
activation is at least in partly related to the rise in IOP.
It has been reported that in mouse retina, cannulation of the
anterior chamber, with and without associated acute elevation
of the IOP, trigger MHC-II upregulation in perivascular
macrophages and vitreal hyalocytes. This result was not
detected in the contralateral fellow eyes 1 week after the rise in
IOP [41]. These contradictory findings in comparison with our
results could be due to the different mechanisms involved in
varying experimental models of elevated IOP.
A reactive microgliosis secondary to neurodegeneration has
been reported in axotomy, ischaemia, and acute ocular
hypertension [42-51]. In the present study the comparison
between OHT-eyes and their contralateral ones revealed that
in both eyes, Iba-1+ cells showed signs of activation and
upregulation of the MHC-II expression. However, a relevant
difference between treated and untreated eyes was that only
OHT-eyes had Iba-1+ cells with rod-like morphology. In
addition, rod-like microglial cells were not found in the scleral
group. The fact that rod-like microglia was restricted to eyes
with OHT lead us to postulate that this cell phenotype is not
associated to the laser injury.
Rod-like microglial cells were related to axons but not to
retinal blood vessels. Notably, they were apparently more
evident in the central than in the intermediate zone of the retina
and were scarcely seen in the retinal periphery, where the
concentration of axons is reduced [52-54].
It is well known that in the brain rod-like microglia is related
to neurodegeneration [55,56]. Accordingly, in this experimental
model, the presence of rod-like microglia was restricted to eyes
with OHT in which neuronal damage is present [33] but absent
in the contralateral untreated eyes where macro- and microglia
showed signs of activation but neurodegeneration appears to
Figure 7.  Rod-microglia had different stages of CD68 staining.  Iba-1+ and CD68+ cells. Retinal whole-mounts. With respect
both to morphological features and to CD68 immunostaining patterns, three stages of rod-like microglia were detected: (A1-A3) rod-
like microglia with elongated cell bodies and processes prominently projected from the poles and an intense punctate CD68 staining
(arrowhead); (B1-B3) cells with shorter and thicker processes, and coarse patches of CD68 immunoreaction (arrow); (C1-C3)
fusiform cell bodies with short and thick bipolar processes and intense CD68 positive cytoplasm (asterisk). In all cases, CD68
immunoreaction was found both in the cytoplasm and processes.
doi: 10.1371/journal.pone.0083733.g007
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Figure 8.  Rod-like microglia was related to axons.  Iba-1 and NF-200 immunostaining. Retinal whole-mounts. In naïve (A) and in
contralateral eyes (B) the ramified microglia (arrowhead) sent some processes to the axons but did not run parallel to the axons. By
contrast, the rod-microglia trains in OHT-eyes (C) run parallel to and close to axons (arrow). (OHT: ocular hypertension).
doi: 10.1371/journal.pone.0083733.g008
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Figure 9.  Rod-microglia sent processes to NF-200+RGCs somas and dendrites.  Iba-1 and NF-200 immunostaining. Retinal
whole-mounts. In OHT-eyes there was an abnormal NF-200 staining of the soma and primary dendrites of some RGCs (A2-C2).
Rod-microglial run parallel to and close to axons, with minimal gaps between the two (empty arrowhead). Rod-microglia sent
processes to NF-200+RGCs bodies and dendrites (arrows in A1-B2). The processes of the rod-microglia were apparently in close
contact with NF-200+RGCs somas and dendrites (empty arrow in inset). In some instances rod-microglia deviates from its straight
parallel to the axon and, with its processes, surrounds the soma and proximal dendrites of NF-200+RGCs (arrowhead in C1, C2).
doi: 10.1371/journal.pone.0083733.g009
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be absent [32,33]. This is the first available report of such an
observation in ocular hypertension.
The presence of rod-like microglia has been associated
mainly with axonal injury [22]. It bears noting that, in the
present study, rod-like microglia were related to axons and
were in apparent contact with the soma and dendrites of RGCs
exhibiting features of degeneration (accumulation of
phosphorylated neurofilaments revealed by the NF-200+
staining). A striking feature of this relationship was that a rod-
microglia deviated from its straight parallel location to the axon
and, with its processes, surrounded the soma and dendrites of
NF-200+RGCs. The relationship between rod-like microglia
and dendritic degeneration have been reported in the brain
during ischaemia [57], after injury to the hypoglossal nerve [58]
and during inflammation in the cortex [59]. It seems that the
rod-like microglia might be involved in the active removal or
Figure 10.  Rod-like microglia were absent in the scleral lasered group of eyes.  Iba-1+ cells in the NFL and RGC layer. Retinal
whole-mounts. In eyes receiving laser in the non-draining portion of the sclera, lasered (A) as well as contralateral untreated eyes
(B) Iba-1+ cells were distributed in a mosaic of tiled cells that built networks throughout the entire retina. No rod-like microglia was
detected in the NFL of this group of animals (NFL: nerve-fibre layer; RGC: retinal ganglion-cell layer; OD: optic disc).
doi: 10.1371/journal.pone.0083733.g010
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Figure 11.  Macroglial MHC-II expression was upregulated in the scleral lasered group of eyes.  Iba-1, GFAP and MHC-II
immunostaining. Retinal whole-mounts. Both in lasered (A1-A4) and contralateral untreated (B1-B4) eyes, MHC-II expression was
upregulated in astrocytes (arrow) and Müller cells (empty arrowhead). Some microglia in the NFL (arrowhead) had a constitutive
MHC-II expression. (NFL: nerve-fibre layer).
doi: 10.1371/journal.pone.0083733.g011
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“stripping” of these synaptic contacts [21,25]. The fact that rod-
like microglia in the present study were positive for CD68, a
marker associated to clearance of cells debris [60], could
support this statement. Rod-like microglia could also participate
in the remodelling of synaptic circuitry disrupted, possibly by
tagging some synapses for elimination during prolonged direct
contact after ischaemic insult [61]. This capacity could be
favoured by the migratory capability of microglia towards
vulnerable areas, which could contribute to circuits
reorganization clearing degenerating synapses [23,62].
Although MHC-II upregulation in rod-like microglia could
make these cells work as potential immunocompetent antigen-
presenting cells, the fact that these cells did not express the
co-stimulatory molecule CD86 could be contribute to
downregulating of the immune response [63,64].
Ym1 is a marker expressed by alternatively activated
macrophages associated to recovery and function restoration
[65,66]. Ym1 is activated transiently in peripheral macrophages
and in the CNS, suggesting that it may be involved in the
down-regulation of inflammation by competing leukocyte
trafficking for binding sites on local extracellular matrix [67].
According to what has been reported in the brain ischaemic
injury in mice [60], this transient activation could be the reason
for observing Ym1 positivity in only a few globular cells 15 days
after unilateral laser-induced OHT.
Some of the characteristics of the rod-like microglia observed
herein, such as morphological features, their relationship with
axons but not with blood vessels, or their expression of known
activation markers (MHC-II, CD68) coincide with those reported
under many neuropathological and experimental conditions
including stroke, Alzheimer’s disease, and encephalitis [22]. It
has been proposed that the preserved neuronal tissue after a
diffuse insult is critical for the formation of rod-like microglial
cells [12,13,68]; with extensive cellular damage or necrosis,
only phagocytic microglia can be found.
The capacity of the microglia to adopt a bidirectional
orientation from progressing to regressing stages has been
recently reported. Using histological criteria, this process has
been divided into 6 stages of activation and deactivation [69].
According to this classification, rod-like microglia in the NFL of
OHT-eyes would be in phase 5A, which corresponds to Iba-1+
and CD68+ cells. In addition, more advanced stages were also
observed in our study. These were characterized by more
intense CD68 immunostaining, shorter processes, and rounder
somas.
With respect to the relationships that rod-like microglia
establish between each other when forming trains, it is worth
underlining what we described these as soma-soma, which
consisted of two somas of neighbouring cells in apparently
close contact. This situation could correspond to microglial
cells in division, as revealed by BrdU studies in which both
nuclei of the cells in contact were labelled [69,70]. It has been
reported that at more advanced stages of activation the
presence of cells with multiple nuclei could be the result of
microglial cells fusing with each other [69]. The clustering
reported by others [71] could be a precursor stage for the
eventual fusing of the cells [69]. It has been suggested that
cytokines and other factors induce multinucleated giant cells
[72] and regulate morphological, as well as functional, changes
to all three forms of microglia; activated ameboid, proliferating
rod-shaped, and ramified resting microglia [70].
Although laser treatment induced changes in the retina of
contralateral eyes independently of the location of laser
application, the characteristic of this reaction varied depending
on whether or not there was a rise in IOP in the treated eye. In
all instances, laser treatment induced a macroglial reaction but
only in eyes contralateral to OHT was the microglia involved.
There are other instances of contralateral effects after
unilateral eye injury [30,73,74]. It has been suggested that
multiple cell responses in the contralateral eye could be due to
the crossing fibres at the optic chiasma or some retino-retinal
fibres present in rodents [30]. The fact that the microglia
showed an immediate and clear pattern of activation within the
contralateral ON and retina, lead some authors suggest
haematic involvement in transferring information to the
contralateral eye [30]. Among the possible mechanisms
participating in the glial changes observed in the contralateral
normotensive eye is the immune response [75]. Immune-
related data in patients with glaucoma [76] and the capacity of
the optic nerve glia to express HLA-DR molecules [73] support
this hypothesis. Another potential explanation would be that
changes in the contralateral eye are part of a general activation
due to the sensitivity of microglia to any inflicted injury to the
nervous system [74]. It is now well accepted that neurogenic
mechanisms contribute to the symmetrical spread of
inflammation in rheumatoid arthritis [77,78] and that
transneuronal signalling between damaged neurons and their
contralateral homologues prevent the spread of peripheral
nerve damage [79]. It has been recently reported that retinal
laser burns to one eye abrogated ACAID bilaterally [80]. The
authors postulate that substance P transmits early
inflammatory signals from the lasered retinal to the
contralateral eye to induce changes to ocular immune privilege
and has a central role in the bilateral loss of ACAID [81].
Whether some of the mentioned mechanisms are involved in
the changes noted in the contralateral untreated eyes in our
study deserves further investigation.
Our data suggest that 15 days after lasering, microglia
activation in the retina is not related to laser injury but rather to
IOP-derived effects. The presence of rod-like microglia was
restricted to OHT. In contralateral eyes to OHT, despite the
presence of signs of activation in microglia as well as macroglia
(morphological changes and MHCII upregulation), neither rod-
like microglia nor degenerated NF-200+RGCs were observed.
Thus, it appears that the neurodegeneration associated to OHT
induce the rod-like microglia phenotype.
The present study describes the differential behaviour of
activated microglia that may accompany OHT-induced injury.
The observations made support the role of the immune system
in the pathogenesis of glaucomatous neurodegeneration.
Whether or not the observations reported here could appear in
other models of experimental OHT deserves further
investigation.
Rod-Like Retinal Microglia in Glaucoma
PLOS ONE | www.plosone.org 16 December 2013 | Volume 8 | Issue 12 | e83733
Acknowledgements
The authors would like to thank Desirée Contreras, and
Francisca Vargas for technical assistance, and David Nesbitt
for correcting the English version of this work.
Author Contributions
Conceived and designed the experiments: RdH BR AIR BIG
JJS FJV MA MPV MV AT JMR. Performed the experiments:
RdH BR AIR BIG JJS FJV MA MPV MV AT JMR. Analyzed the
data: RdH BR AIR BIG JJS AT JMR. Contributed reagents/
materials/analysis tools: RdH BR AIR BIG JJS FJV MA MPV
MV AT JMR. Wrote the manuscript: RdH, BR, AIR, BIG, JJS,
JMR. Development of the animal model and the IOP
measurement: FJV MA MPV MV. Immunhistochemical study,
analysis and interpretation of data: RdH BR AIR BIG JJS AT
JMR.
References
1. Quigley HA, Addicks EM, Green WR, Maumenee AE (1981) Optic
nerve damage in human glaucoma. II. the site of injury and
susceptibility to damage. Arch Ophthalmol 99: 635-649. doi:10.1001/
archopht.1981.03930010635009. PubMed: 6164357.
2. Quigley HA, Dunkelberger GR, Green WR (1988) Chronic human
glaucoma causing selectively greater loss of large optic nerve fibers.
Ophthalmology 95: 357-363. doi:10.1016/S0161-6420(88)33176-3.
PubMed: 3174003.
3. Quigley HA, Dunkelberger GR, Green WR (1989) Retinal ganglion cell
atrophy correlated with automated perimetry in human eyes with
glaucoma. Am J Ophthalmol 107: 453-464. PubMed: 2712129.
4. Kerrigan-Baumrind LA, Quigley HA, Pease ME, Kerrigan DF, Mitchell
RS (2000) Number of ganglion cells in glaucoma eyes compared with
threshold visual field tests in the same persons. Invest Ophthalmol Vis
Sci 41: 741-748. PubMed: 10711689.
5. Quigley HA, Broman AT (2006) The number of people with glaucoma
worldwide in 2010 and 2020. Br J Ophthalmol 90: 262-267. doi:
10.1136/bjo.2005.081224. PubMed: 16488940.
6. Sommer A (1989) Intraocular pressure and glaucoma. Am J
Ophthalmol 107: 186–188. PubMed: 2913813.
7. Gordon MO, Beiser JA, Brandt JD, Heuer DK, Higginbotham EJ et al.
(2002) The ocular hypertension treatment study: Baseline factors that
predict the onset of primary open-angle glaucoma. Arch Ophthalmol
120: 20–20; discussion 10.1001/archopht.120.6.714. PubMed:
12049575.
8. Crish SD, Calkins DJ (2011) Neurodegeneration in glaucoma:
Progression and calcium-dependent intracellular mechanisms.
Neuroscience 176: 1-11. doi:10.1016/j.neuroscience.2010.12.036.
PubMed: 21187126.
9. Bosco A, Steele MR, Vetter ML (2011) Early microglia activation in a
mouse model of chronic glaucoma. J Comp Neurol 519: 599-620. doi:
10.1002/cne.22516. PubMed: 21246546.
10. Streit WJ, Graeber MB, Kreutzberg GW (1988) Functional plasticity of
microglia: A review. Glia 1: 301-307. doi:10.1002/glia.440010502.
PubMed: 2976393.
11. Zielasek J, Hartung HP (1996) Molecular mechanisms of microglial
activation. Adv Neuroimmunol 6: 191-222. doi:
10.1016/0960-5428(96)00017-4. PubMed: 8876774.
12. Graeber MB (2010) Changing face of microglia. Science 330: 783-788.
doi:10.1126/science.1190929. PubMed: 21051630.
13. Graeber MB, Streit WJ (2010) Microglia: Biology and pathology. Acta
Neuropathol 119: 89-105. doi:10.1007/s00401-009-0622-0. PubMed:
20012873.
14. Kreutzberg GW (1995) Microglia, the first line of defence in brain
pathologies. ArzneimittelForschung 45: 357-360. PubMed: 7763326.
15. Kreutzberg GW (1996) Microglia: A sensor for pathological events in
the CNS. Trends Neurosci 19: 312-318. doi:
10.1016/0166-2236(96)10049-7. PubMed: 8843599.
16. Ling EA, Ng YK, Wu CH, Kaur C (2001) Microglia: Its development and
role as a neuropathology sensor. Prog Brain Res 132: 61-79. doi:
10.1016/S0079-6123(01)32066-6. PubMed: 11545023.
17. Hsu JC, Lee YS, Chang CN, Ling EA, Lan CT (2003) Sleep deprivation
prior to transient global cerebral ischemia attenuates glial reaction in
the rat hippocampal formation. Brain Res 984: 170-181. doi:10.1016/
S0006-8993(03)03128-7. PubMed: 12932851.
18. Luo XG, Ding JQ, Chen SD (2010) Microglia in the aging brain:
Relevance to neurodegeneration. Mol Neurodegener 5: 12. doi:
10.1186/1750-1326-5-12. PubMed: 20334662.
19. Suzumura A (2002) Microglia: Immunoregulatory cells in the central
nervous system. Nagoya J Med Sci 65: 9-20. PubMed: 12083290.
20. Neumann H, Kotter MR, Franklin RJ (2009) Debris clearance by
microglia: An essential link between degeneration and regeneration.
Brain 132: 288-295. PubMed: 18567623.
21. Perry VH, O'Connor V (2010) The role of microglia in synaptic stripping
and synaptic degeneration: A revised perspective. ASN. New_Eur, 2:
e00047. PubMed: 20967131.
22. Ziebell JM, Taylor SE, Cao T, Harrison JL, Lifshitz J (2012) Rod
microglia: Elongation, alignment, and coupling to form trains across the
somatosensory cortex after experimental diffuse brain injury. J
Neuroinflammation 9: 247. doi:10.1186/1742-2094-9-247. PubMed:
23111107.
23. Cao T, Thomas TC, Ziebell JM, Pauly JR, Lifshitz J (2012)
Morphological and genetic activation of microglia after diffuse traumatic
brain injury in the rat. Neuroscience 225: 65-75. doi:10.1016/
j.neuroscience.2012.08.058. PubMed: 22960311.
24. Blinzinger K, Kreutzberg G (1968) Displacement of synaptic terminals
from regenerating motoneurons by microglial cells. Z Zellforsch Mikrosk
Anat 85: 145-157. PubMed: 5706753.
25. Cho BP, Song DY, Sugama S, Shin DH, Shimizu Y et al. (2006)
Pathological dynamics of activated microglia following medial forebrain
bundle transection. Glia 53: 92-102. doi:10.1002/glia.20265. PubMed:
16206155.
26. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS et al.
(2007) The classical complement cascade mediates CNS synapse
elimination. Cell 131: 1164-1178. doi:10.1016/j.cell.2007.10.036.
PubMed: 18083105.
27. Fu QL, Li X, Shi J, Xu G, Wen W et al. (2009) Synaptic degeneration of
retinal ganglion cells in a rat ocular hypertension glaucoma model. Cell
Mol Neurobiol 29: 575-581. doi:10.1007/s10571-009-9349-7. PubMed:
19172389.
28. Neufeld AH (1999) Microglia in the optic nerve head and the region of
parapapillary chorioretinal atrophy in glaucoma. Arch Ophthalmol 117:
1050-1056. doi:10.1001/archopht.117.8.1050. PubMed: 10448748.
29. Kobayashi K, Imagama S, Ohgomori T, Hirano K, Uchimura K et al.
(2013) Minocycline selectively inhibits M1 polarization of microglia. Cell
Death. Drosophila Inf Service 4: e525.
30. Bodeutsch N, Siebert H, Dermon C, Thanos S (1999) Unilateral injury
to the adult rat optic nerve causes multiple cellular responses in the
contralateral site. J Neurobiol 38: 116-128. doi:10.1002/
(SICI)1097-4695(199901)38:1. PubMed: 10027567.
31. Joly S, Francke M, Ulbricht E, Beck S, Seeliger M et al. (2009)
Cooperative phagocytes: Resident microglia and bone marrow
immigrants remove dead photoreceptors in retinal lesions. Am J Pathol
174: 2310-2323. doi:10.2353/ajpath.2009.090023. PubMed: 19435787.
32. Gallego BI, Salazar JJ, de Hoz R, Rojas B, Ramírez AI et al. (2012)
IOP induces upregulation of GFAP and MHC-II and microglia reactivity
in mice retina contralateral to experimental glaucoma. J
Neuroinflammation 9: 92. doi:10.1186/1742-2094-9-92. PubMed:
22583833.
33. Salinas-Navarro M, Alarcón-Martínez L, Valiente-Soriano FJ, Ortín-
Martínez A, Jiménez-López M et al. (2009) Functional and
morphological effects of laser-induced ocular hypertension in retinas of
adult albino swiss mice. Mol Vis 15: 2578-2598. PubMed: 20011633.
34. Cuenca N, Pinilla I, Fernández-Sánchez L, Salinas-Navarro M,
Alarcón-Martínez L et al. (2010) Changes in the inner and outer retinal
layers after acute increase of the intraocular pressure in adult albino
swiss mice. Exp Eye Res 91: 273-285. doi:10.1016/j.exer.2010.05.020.
PubMed: 20650699.
35. Wang X, Ng YK, Tay SS (2005) Factors contributing to neuronal
degeneration in retinas of experimental glaucomatous rats. J Neurosci
Res 82: 674-689. doi:10.1002/jnr.20679. PubMed: 16273539.
Rod-Like Retinal Microglia in Glaucoma
PLOS ONE | www.plosone.org 17 December 2013 | Volume 8 | Issue 12 | e83733
36. Danias J, Kontiola AI, Filippopoulos T, Mittag T (2003) Method for the
noninvasive measurement of intraocular pressure in mice. Invest
Ophthalmol Vis Sci 44: 1138-1141. doi:10.1167/iovs.02-0553. PubMed:
12601041.
37. Aihara M, Lindsey JD, Weinreb RN (2003) Twenty-four-hour pattern of
mouse intraocular pressure. Exp Eye Res 77: 681-686. doi:10.1016/
j.exer.2003.08.011. PubMed: 14609556.
38. Drouyer E, Dkhissi-Benyahya O, Chiquet C, WoldeMussie E, Ruiz G et
al. (2008) Glaucoma alters the circadian timing system. PLOS ONE 3:
e3931. doi:10.1371/journal.pone.0003931. PubMed: 19079596.
39. Ramirez JM, Triviño A, Ramirez AI, Salazar JJ, García-Sánchez J
(1994) Immunohistochemical study of human retinal astroglia. Vision
Res 34: 1935-1946. doi:10.1016/0042-6989(94)90024-8. PubMed:
7941395.
40. Triviño A, De Hoz R, Salazar JJ, Ramírez AI, Rojas B et al. (2002)
Distribution and organization of the nerve fiber and ganglion cells of the
human choroid. Anat Embryol (Berl) 205: 417-430. doi:10.1007/
s00429-002-0257-6. PubMed: 12382145.
41. Kezic JM, Chrysostomou V, Trounce IA, McMenamin PG, Crowston JG
(2013) Effect of anterior chamber cannulation and acute IOP elevation
on retinal macrophages in the adult mouse. Invest Ophthalmol Vis Sci
54: 3028-3036. doi:10.1167/iovs.13-11865. PubMed: 23572110.
42. Thanos S (1991) Specific transcellular carbocyanine-labelling of rat
retinal microglia during injury-induced neuronal degeneration. Neurosci
Lett 127: 108-112. doi:10.1016/0304-3940(91)90906-A. PubMed:
1881605.
43. Salvador-Silva M, Vidal-Sanz M, Villegas-Pérez MP (2000) Microglial
cells in the retina of carassius auratus: Effects of optic nerve crush. J
Comp Neurol 417: 431-447. doi:10.1002/
(SICI)1096-9861(20000221)417:4. PubMed: 10701865.
44. Wang X, Sam-Wah Tay S, Ng YK (2000) Nitric oxide, microglial
activities and neuronal cell death in the lateral geniculate nucleus of
glaucomatous rats. Brain Res 878: 136-147. doi:10.1016/
S0006-8993(00)02727-X. PubMed: 10996144.
45. Wang X, Tay SS, Ng YK (2000) An immunohistochemical study of
neuronal and glial cell reactions in retinae of rats with experimental
glaucoma. Exp Brain Res 132: 476-484. doi:10.1007/s002210000360.
PubMed: 10912828.
46. Chauhan BC, Pan J, Archibald ML, LeVatte TL, Kelly MEM et al. (2002)
Effect of intraocular pressure on optic disc topography,
electroretinography, and axonal loss in a chronic pressure-induced rat
model of optic nerve damage. Invest Ophthalmol Vis Sci 43:
2969-2976. PubMed: 12202517.
47. Naskar R, Wissing M, Thanos S (2002) Detection of early neuron
degeneration and accompanying microglial in the retina of a rat model
of glaucoma. Invest Ophthalmol Vis Sci 43: 2962-2968. PubMed:
12202516.
48. Lam TT, Kwong JMK, Tso MOM (2003) Early glial responses after
acute elevated intraocular pressure in rats. Invest Ophthalmol Vis Sci
44: 638-645. doi:10.1167/iovs.02-0255. PubMed: 12556393.
49. Sobrado-Calvo P, Vidal-Sanz M, Villegas-Pérez MP (2007) Rat retinal
microglial cells under normal conditions, after optic nerve section, and
after optic nerve section and intravitreal injection of trophic factors or
macrophage inhibitory factor. J Comp Neurol 501: 866-878. doi:
10.1002/cne.21279. PubMed: 17311318.
50. Johnson EC, Jia L, Cepurna WO, Doser TA, Morrison JC (2007) Global
changes in optic nerve head gene expression after exposure to
elevated intraocular pressure in a rat glaucoma model. Invest
Ophthalmol Vis Sci 48: 3161-3177. doi:10.1167/iovs.06-1282. PubMed:
17591886.
51. Galindo-Romero C, Valiente-Soriano FJ, Jiménez-López M, García-
Ayuso D, Villegas-Pérez MP et al. (2013) Effect of brain-derived
neurotrophic factor on mouse axotomized retinal ganglion cells and
phagocytic microglia. Invest Ophthalmol Vis Sci 54: 974-985. doi:
10.1167/iovs.12-11207. PubMed: 23307961.
52. Checchin D, Sennlaub F, Levavasseur E, Leduc M, Chemtob S (2006)
Potential role of microglia in retinal blood vessel formation. Invest
Ophthalmol Vis Sci 47: 3595-3602. doi:10.1167/iovs.05-1522. PubMed:
16877434.
53. Dorrell MI, Aguilar E, Jacobson R, Trauger SA, Friedlander J et al.
(2010) Maintaining retinal astrocytes normalizes revascularization and
prevents vascular pathology associated with oxygen-induced
retinopathy. Glia 58: 43-54. doi:10.1002/glia.20900. PubMed:
19544395.
54. Vessey KA, Wilkinson-Berka JL, Fletcher EL (2011) Characterization of
retinal function and glial cell response in a mouse model of oxygen-
induced retinopathy. J Comp Neurol 519: 506-527. doi:10.1002/cne.
22530. PubMed: 21192081.
55. del Río-Hortega P (1920) Estudios sobre la neuroglía.- la microglía y su
transformación en células en bastoncillo y cuerpos gránulo-adiposos.
Trab Lab Invest Biol Univ Madrid 9: 1-46.
56. del Rio Hortega P (1932) Microglia. In: W Penfield. Cytology and
Cellular Pathology of the Nervous System, vol. 2, pp. 481–534, New
York: PB Hoeber
57. Masuda T, Croom D, Hida H, Kirov SA (2011) Capillary blood flow
around microglial somata determines dynamics of microglial processes
in ischemic conditions. Glia 59: 1744-1753. doi:10.1002/glia.21220.
PubMed: 21800362.
58. Svensson M, Aldskogius H (1993) Synaptic density of axotomized
hypoglossal motorneurons following pharmacological blockade of the
microglial cell proliferation. Exp Neurol 120: 123-131. doi:10.1006/exnr.
1993.1046. PubMed: 8477825.
59. Trapp BD, Wujek JR, Criste GA, Jalabi W, Yin X et al. (2007) Evidence
for synaptic stripping by cortical microglia. Glia 55: 360-368. doi:
10.1002/glia.20462. PubMed: 17136771.
60. Perego C, Fumagalli S, De Simoni MG (2011) Temporal pattern of
expression and colocalization of microglia/macrophage phenotype
markers following brain ischemic injury in mice. J Neuroinflamm 8: 174.
doi:10.1186/1742-2094-8-174. PubMed: 22152337.
61. Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J (2009)
Resting microglia directly monitor the functional state of synapses in
vivo and determine the fate of ischemic terminals. J Neurosci 29:
3974-3980. doi:10.1523/JNEUROSCI.4363-08.2009. PubMed:
19339593.
62. del Zoppo GJ, Milner R, Mabuchi T, Hung S, Wang X et al. (2007)
Microglial activation and matrix protease generation during focal
cerebral ischemia. Stroke 38: 646-651. doi:10.1161/01.STR.
0000254477.34231.cb. PubMed: 17261708.
63. Medema JP, Borst J (1999) T cell signaling: A decision of life and
death. Hum Immunol 60: 403-411. doi:10.1016/
S0198-8859(99)00008-7. PubMed: 10447398.
64. Broderick C, Duncan L, Taylor N, Dick AD (2000) IFN-γ and LPS-
mediated IL-10-Dependent suppression of retinal microglial activation.
Invest Ophthalmol Vis Sci 41: 2613-2622. PubMed: 10937574.
65. Raes G, Noël W, Beschin A, Brys L, de Baetselier P et al. (2002) FIZZ1
and ym as tools to discriminate between differentially activated
macrophages. Dev Immunol 9: 151-159. doi:
10.1080/1044667031000137629. PubMed: 12892049.
66. Bhatia S, Fei M, Yarlagadda M, Qi Z, Akira S et al. (2011) Rapid host
defense against aspergillus fumigatus involves alveolar macrophages
with a predominance of alternatively activated phenotype. PLOS ONE
6: e15943. doi:10.1371/journal.pone.0015943. PubMed: 21246055.
67. Chang L, Karin M (2001) Mammalian MAP kinase signalling cascades.
Nature 410: 37-40. doi:10.1038/35065000. PubMed: 11242034.
68. Graeber MB, Mehraein P (1994) Microglial rod cells. Neuropathol Appl
Neurobiol 20: 178-180. PubMed: 8072649.
69. Jonas RA, Yuan TF, Liang YX, Jonas JB, Tay DKC et al. (2012) The
spider effect: Morphological and orienting classification of microglia in
response to stimuli in vivo. PLOS ONE 7: e30763. doi:10.1371/
journal.pone.0030763. PubMed: 22363486.
70. Suzumura A, Sawada M, Yamamoto H, Marunouchi T (1990) Effects of
colony stimulating factors on isolated microglia in vitro. J Neuroimmunol
30: 111-120. doi:10.1016/0165-5728(90)90094-4. PubMed: 2229405.
71. Dissing-Olesen L, Ladeby R, Nielsen HH, Toft-Hansen H, Dalmau I et
al. (2007) Axonal lesion-induced microglial proliferation and microglial
cluster formation in the mouse. Neuroscience 149: 112-122. doi:
10.1016/j.neuroscience.2007.06.037. PubMed: 17870248.
72. Suzumura A, Tamaru T, Yoshikawa M, Takayanagi T (1999)
Multinucleated giant cell formation by microglia: Induction by interleukin
(IL)-4 and IL-13. Brain Res 849: 239-243. doi:10.1016/
S0006-8993(99)02164-2. PubMed: 10592309.
73. Kanamori A, Nakamura M, Nakanishi Y, Yamada Y, Negi A (2005)
Long-term glial reactivity in rat retinas ipsilateral and contralateral to
experimental glaucoma. Exp Eye Res 81: 48-56. doi:10.1016/j.exer.
2005.01.012. PubMed: 15978254.
74. Panagis L, Thanos S, Fischer D, Dermon CR (2005) Unilateral optic
nerve crush induces bilateral retinal glial cell proliferation. Eur J
Neurosci 21: 2305-2309. doi:10.1111/j.1460-9568.2005.04046.x.
PubMed: 15869529.
75. Becher B, Prat A, Antel JP (2000) Brain-immune connection: Immuno-
regulatory properties of CNS-resident cells. Glia 29: 293-304. doi:
10.1002/(SICI)1098-1136(20000215)29:4. PubMed: 10652440.
76. Tezel G, Fourth ARVO/Pfizer Ophthalmics Research Institute
Conference Working Group. (2009) The role of glia, mitochondria, and
the immune system in glaucoma. Invest Ophthalmol Vis Sci, 50: 1001–
12
Rod-Like Retinal Microglia in Glaucoma
PLOS ONE | www.plosone.org 18 December 2013 | Volume 8 | Issue 12 | e83733
77. Donaldson LF, McQueen DS, Seckl JR (1995) Neuropeptide gene
expression and capsaicin-sensitive primary afferents: Maintenance and
spread of adjuvant arthritis in the rat. J Physiol 486 ( 2): 473-482.
PubMed: 7473211.
78. Kelly S, Dunham JP, Donaldson LF (2007) Sensory nerves have
altered function contralateral to a monoarthritis and may contribute to
the symmetrical spread of inflammation. Eur J Neurosci 26: 935-942.
doi:10.1111/j.1460-9568.2007.05737.x. PubMed: 17714187.
79. Kolston J, Lisney SJ, Mulholland MN, Passant CD (1991)
Transneuronal effects triggered by saphenous nerve injury on one side
of a rat are restricted to neurones of the contralateral, homologous
nerve. Neurosci Lett 130: 187-189. doi:10.1016/0304-3940(91)90393-8.
PubMed: 1795879.
80. Qiao H, Lucas K, Stein-Streilein J (2009) Retinal laser burn disrupts
immune privilege in the eye. Am J Pathol 174: 414-422. doi:10.2353/
ajpath.2009.080766. PubMed: 19147817.
81. Lucas K, Karamichos D, Mathew R, Zieske JD, Stein-Streilein J (2012)
Retinal laser burn-induced neuropathy leads to substance P-dependent
loss of ocular immune privilege. J Immunol 189: 1237-1242. doi:
10.4049/jimmunol.1103264. PubMed: 22745377.
Rod-Like Retinal Microglia in Glaucoma
PLOS ONE | www.plosone.org 19 December 2013 | Volume 8 | Issue 12 | e83733
